Interactions between stem cells and their surrounding microenvironment, or niche, are critical for the establishment and maintenance of stem-cell properties 1 . the adult Drosophila testis contains a morphologically discrete stem-cell niche, the 'hub' 2-4 . the small cluster of non-dividing, somatic hub cells at the anterior tip of the fly testis is contacted by the germline stem cells (GsCs) 5 , which retain their stem-cell character through the direct association with the hub 6 . Here we show that integrin-mediated adhesion is important for maintaining the correct position of embryonic hub cells during gonad morphogenesis. the misplaced hub in integrindeficient embryos directs the orientation of cell divisions in the presumptive GsCs, a hallmark of the active germline stemcell niche. A decrease in integrin-mediated adhesion in adult testes, which resulted in a loss of the hub and the stem-cell population, revealed the importance of hub-cell anchoring. Finally, we show that an extracellular matrix (eCM) is present around the gonad during late embryogenesis and that this eCM is defective in integrin-deficient gonads. On the basis of our data, we propose that integrins are required for the attachment of the hub cells to the eCM, which is essential for maintaining the stem-cell niche.
1
Interactions between stem cells and their surrounding microenvironment, or niche, are critical for the establishment and maintenance of stem-cell properties 1 . the adult Drosophila testis contains a morphologically discrete stem-cell niche, the 'hub' [2] [3] [4] . the small cluster of non-dividing, somatic hub cells at the anterior tip of the fly testis is contacted by the germline stem cells (GsCs) 5 , which retain their stem-cell character through the direct association with the hub 6 . Here we show that integrin-mediated adhesion is important for maintaining the correct position of embryonic hub cells during gonad morphogenesis. the misplaced hub in integrindeficient embryos directs the orientation of cell divisions in the presumptive GsCs, a hallmark of the active germline stemcell niche. A decrease in integrin-mediated adhesion in adult testes, which resulted in a loss of the hub and the stem-cell population, revealed the importance of hub-cell anchoring. Finally, we show that an extracellular matrix (eCM) is present around the gonad during late embryogenesis and that this eCM is defective in integrin-deficient gonads. On the basis of our data, we propose that integrins are required for the attachment of the hub cells to the eCM, which is essential for maintaining the stem-cell niche.
The hub cells in adult gonads are located at the anterior tip of the testes, where they directly contact about nine GSCs 5 . Adult testes derive from a pair of embryonic gonads that form during the later stages of embryogenesis (stages [12] [13] [14] [15] [16] [17] . After compaction (coalescence), the embryonic gonads are spherical structures comprising primordial germline cells that are intermingled with and ensheathed by mesodermally derived somatic gonadal precursor cells (SGPs) 7 . Recent studies revealed that hub cells arise during embryogenesis, shortly after gonad compaction, from a subset of anterior SGPs 8, 9 . We noticed that the Drosophila filamin Cheerio (Cher) was highly expressed in a group of somatic cells located at the anterior of the gonad in half of wild-type embryos from late stage 16 onwards. We confirmed that the anti-Cher antibody recognizes embryonic hub cells by using the colocalization of Cher and β-galactose (β-Gal) staining in hub cells in the LacZ reporter fly line 254 (ref. 10; Supplementary Information,  Fig. S1 ), enabling us to use it to study hub development.
Morphogenesis of most tissues in metazoans requires cell-to-matrix adhesion mediated by the integrin class of adhesion receptors 11, 12 .
Integrins are heterodimeric, transmembrane receptors, comprising an α and a β subunit that mediate adhesion by simultaneously binding ECM proteins and the actin cytoskeleton 13 . In Drosophila, integrins containing the βPS intracellular domain are essential for many morphogenetic processes 12 . To test the function of integrins in the gonad, we examined myospheroid mutant (mys
XG43
) embryos, which are hemizygous for a null mutation in the gene encoding the βPS integrin subunit and therefore lack all βPS-containing heterodimers. In mys XG43 embryos, the hub cells were mislocalized (Fig. 1) . In wild-type embryos, the hub cells are at the anterior edge of the gonad, forming a cap that contacts the anterior germline cells (Fig. 1a, b) . In mys XG43 embryos, the hub cells were embedded at the centre of the gonad surrounded by germline cells on all sides (Fig. 1c,  d ). Although mislocalized, the hub cells formed a tight cluster, suggesting that integrin is not required for adhesion between the hub cells.
In addition to the hub cells, embryonic gonads contain SGPs that are interspersed with the germline cells 7 . To test whether loss of βPS affects the distribution of all somatic cells within the gonad, embryonic gonads were labelled with an antibody against talin, a protein that displays elevated expression in SGPs 14 . Talin-expressing SGPs were interspersed with germline cells throughout the gonad in both wild-type (Fig. 1bʹ ) and mys XG43 (Fig. 1dʹ) Supplementary Information, Fig. S2 ). Thus, integrins seemed to be specifically required for hub cells to localize at the anterior pole of male embryonic gonads.
To understand the function of integrins in hub development we investigated which integrins were expressed in the gonad and how they were distributed. Of the five αPS integrin subunits encoded by the Drosophila genome 12 , antibodies exist for αPS1, αPS2 and αPS3. The αPS3 subunit was expressed in all SGPs (Fig. 2e) , whereas neither αPS1 nor αPS2 was detected in embryonic gonads ( Fig. 2f ; data not shown). Because mutations in the gene encoding αPS3 did not affect hub development (data not shown) it is likely that αPS4 and/or αPS5 are expressed in the gonad, and act redundantly there with αPS3. There are two β integrin subunits in Drosophila: βPS integrin is expressed in all SGPs (Fig. 2d) , whereas the second β subunit, β ν , is not detected in SGPs 16 . Moreover, the hub cells form normally in embryos lacking β ν , and the mutant hub phenotype is not enhanced in embryos lacking both β ν and βPS (Fig. 1i,  j) . It is therefore likely that βPS integrin is the only β integrin subunit that functions in the gonad.
Talin is an integrin-binding cytoskeletal linker that is essential for integrin-mediated adhesion in Drosophila 14 . In embryos, talin was highly expressed in the gonadal mesoderm and was concentrated at the plasma membrane of all SGPs, including in hub cells (Fig. 2c ). Embryos lacking talin had a mislocalization of the hub identical to that seen in embryos l e t t e r s lacking integrin (Fig. 1g) . By contrast, mutations that eliminate the integrin-associated proteins ILK and PINCH 17, 18 did not perturb hubcell positioning ( Fig. 1h ; data not shown). Analysis of the temporal and spatial aspects of βPS integrin and talin expression showed that they were both expressed in gonads starting at stage 14 and remained uniformly expressed in the SGPs throughout embryonic development (Fig. 2a-c and data not shown).
In wild-type Drosophila embryos, ECM markers were detected around the outer perimeter of the gonad at stage 16. LamininA (LanA) and Nidogen (Ndg), a laminin-associated protein, were abundantly expressed in the gonadal ECM at this stage (Fig. 3a, c) . The distribution of these proteins suggests that the ECM is assembled at a time when integrin-mediated adhesion is important for gonad morphogenesis. The ECM is in direct contact with the outermost SGPs, and the hub cells are positioned such that they contact both the ECM and germline cells (Figs 1a, b and 3aʹ, cʹ).
To explore the molecular basis for the hub-cell mislocalization in integrin mutants, we examined the organization of ECM components in mys XG43 gonads. The amount of LanA and Ndg around the gonad was greatly reduced in mys XG43 mutants (Fig. 3b, d ). Integrins therefore have an active role in ECM accumulation around the gonad. This finding raises the possibility that the main role of integrins is to assemble an ECM around the gonad, and a different ECM receptor anchors the hub cells to the ECM. It is difficult to rule this out completely, but we did not detect dystroglycan, the other known ECM receptor present in Drosophila 19 in embryonic hub cells (data not shown). Cells with different adhesive properties can undergo cell sorting, in which cells that adhere most strongly to one another become separated from -and enveloped by -less adhesive cells 20 . Two of our observations suggested that differential adhesion-mediated cell sorting takes place during hub development. First, the hub cells form a tight cluster, separate from other SGPs. Second, in integrin mutants the hub becomes enveloped by other SGPs and germline cells. Cell sorting can be achieved by modulating cadherin-mediated adhesion 21, 22 . Both DE-cadherin and DNcadherin are expressed at higher levels in the hub than in other gonadal cells ( Supplementary Information, Fig. S3; ref. 8 ). To test whether hub cells segregated from other SGPs and the germline cells because of differential cadherin expression, we modulated DE-cadherin or DN-cadherin levels in integrin-mutant embryos. We found that reducing or increasing cadherin levels (Supplementary Information, Figs S3 and S4) did not affect the position or segregation of the hub cells. These results suggest that the molecule that mediates adhesion between hub cells and their mispositioning in integrin mutants is not a classical cadherin, but do not exclude the possibility of a contribution by these cadherins. Moreover, the homophilic cell-adhesion molecule Fas3 is expressed on the surface of embryonic hub cells 8 , which is consistent with the idea that other adhesion molecules contribute to adhesion between hub cells.
By morphological and molecular criteria the hub cells in embryonic gonads seem similar to adult hub cells ( Supplementary Information,  Fig. S1; ref. 8) . In adult testes, cell divisions of GSCs are oriented perpendicular to the hub, and this helps to regulate the balance between GSC self-renewal and differentiation 6 . GSCs in early interphase have a single centrosome that is always positioned near the cell cortex adjacent to the site of contact with the hub. After centrosome duplication, one daughter centrosome migrates to the opposite side of the nucleus so that the spindle is oriented perpendicular to the hub 6 . To test whether germline cell divisions in the embryonic gonad are also oriented towards the hub, centrosomes were revealed with a centrosomin (CNN)-specific antibody, and dividing cells were labelled with phospho-histone H3. Serial confocal sections were used to reconstruct the orientation of dividing germline cells. In wild-type gonads, in every germline cell that directly contacted the hub, one centrosome was positioned on the side that contacted the hub (n > 100) (Fig. 4a) . During mitosis, the centrosomes were oriented perpendicular to the hub (n = 23), resulting in a regular pattern of cell divisions along the anterior-posterior axis (Fig. 4a) . These results suggest that hub cells already control the spindle orientation of dividing GSCs in the embryo.
We examined whether the misplaced hub in integrin mutants could orient the mitotic spindle during GSC division. In interphase germline cells that contacted the hub, the centrosome was always positioned towards the hub, even though the hub was in the centre of the gonad (n > 100). In addition, mitotic germline cells adjacent to the hub cells divided perpendicular to the hub in all cases (n = 21). However, because the hub was in the centre of the gonad, the regular anterior-posterior orientation of dividing GSCs was not maintained (Fig. 4b) , resulting in an abnormal cell division pattern compared with that in wild-type gonads. These results indicate that hub cells in embryonic testes direct spindle orientation even when mislocalized, implying that integrin-dependent hub positioning is critical for the normal anterior-posterior orientation of germline cell divisions.
Next we examined the importance of integrin-dependent anchoring of the hub for spermatogenesis. In adult testes, hub cells occupy the distal tip of the gonad and contact somatic and GSCs on one side and ECM on the other 5 . The ECM overlaying the adult hub is thicker than around the rest of the testis and has a convoluted appearance, suggesting that it makes extensive contacts with the hub cells 5 . It has been proposed that hub-cell-ECM contacts in the adult maintain the hub at the anterior tip of the gonad 5 , which is consistent with the function of integrins in embryonic testes. We could not study integrin function in adults by using integrin-null mutants because these die during embryogenesis. Moreover, hub cells in adult testes do not divide 5, 23 , which prevents the generation of integrin-deficient hub-cell clones. We therefore used double-stranded RNA interference (RNAi) to disrupt integrin-mediated adhesion.
talin dsRNA was expressed in somatic cells of the testes under the control of a tj-GAL4 driver (P{GawB}NP1624-5-1; ref. 24) to disrupt integrin-mediated adhesion. The activity pattern of the tj-GAL4 driver reflects that of tj (see Supplementary Information, Fig. S5; ref. 15) . In tj-GAL4/+;UAS-talin RNAi/+ (talin RNAi) embryos we observed no decrease in talin, and the hub cells localized normally (Fig. 5a) . However, when talin RNAi males were allowed to develop to adulthood they developed progressive defects in spermatogenesis. In adult control flies (tj-GAL4/tj-GAL4), aged 1, 3 and 14 days, the testes contained a hub, GSCs, and differentiating germline cells at all stages of spermatogenesis (Fig. 5b, bʹ, dʹʹ, f) . In contrast with control testes, in which talin staining was detected in all somatic cells including the hub (Fig. 5dʹ) , talin staining was not detected in somatic cells in talin RNAi testes (Fig. 5eʹ) . Most one-day-old talin RNAi adult testes had normal spermatogenesis but a small number (9%; n = 100) seemed to lack a hub. In three-day-old talin RNAi flies, the number of testes that did not have a hub had substantially increased (33%; n = 100). In testes lacking a hub, no GSCs or germline cells at early stages of differentiation were observed; instead, the distal region contained germline cells at mid-tolate stages of spermatogenesis (Fig. 5g) . Moreover, even when the hub was present it was sometimes mislocalized (Fig. 5h) . After two weeks, more than half the testes from talin RNAi adults (56%; n = 100) lacked a hub, GSCs and differentiating germline cells and instead contained only differentiated sperm, which filled the entire gonad (Fig. 5e) . Inspection of the distal region showed that expressing talin RNAi caused a complete loss of GSCs (compare Fig. 5e" with Fig. 5d") . Although tj-GAL4 is expressed in both cyst cells and hub cells, our data suggested that cyst cells are not affected by talin RNAi expression because the germline cells continue to differentiate into sperm. It is unclear why the hub disappearance is gradual, but because hub cells are non-dividing it may take a long time to obtain a significant decrease in talin protein level if its turnover is low. Alternatively, there may be another mechanism to retain the hub in place that is only partly effective and fails to retain the hub over time. Thus, on the basis of our data we propose that the depletion of talin leads to a progressive loss of the hub in adult testes, which results in the gradual differentiation of all GSCs into sperm.
In summary, our results show that integrins have an essential function in maintaining the position of the germline stem-cell niche within fly testes. Multiple lines of evidence presented here suggest that the germline stem-cell niche in Drosophila testes is anchored to the anterior of the gonad by adhering to the ECM. First, an ECM assembles around the gonad late in embryonic development at a time when the hub cells become morphologically distinct. Second, the hub cells line up along the anterior periphery of the gonad and contact this ECM directly. Third, integrins and their associated proteins, such as talin, are expressed in SGPs, including hub cells. Fourth, integrins are necessary for the accumulation of ECM components around the gonad. Fifth, integrin and talin are required for maintaining the hub cells in an anterior position. Last, loss of integrin-mediated adhesion by depleting talin in adult testes results in loss of the hub.
As a model, we propose that the hub cells, derived from cells that form at the anterior of the embryonic gonad 8 and are restricted to it 9 , sort out from other somatic and germline cells, form a cohesive unit, and attach to the ECM adjacent to the anterior of the gonad. The function of the ECM attachment is to anchor the hub cells and prevent their sorting to the middle of the gonad. The mispositioning of the hub in integrin-mutant embryos and the loss of the hub and the GSCs in talinRNAi-treated adult testes illustrate the severe consequences of a failure to anchor the stem cell niche to the ECM.
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Fly stocks and genetics. In a two-week-old adult tj-GAL4/tj-GAL4 testis, the distal region of the testis holds the hub (bʹ; Cher, red), the GSCs, dividing gonial cells and differentiating spermatocytes (bʹ; Vasa, green), and the rest of the testis is filled with differentiated sperm bundles (the arrow shows the distal tip of the testis). (c) A two-week-old adult talin RNAi testis contains only differentiated sperm; there is no hub at the distal testis tip (arrow) (cʹ; Vasa, green; Cher, red). (d, e) A close-up view of the distal tip region of twoweek-old testes. (d) In a tj-GAL4/tj-GAL4 testis, Vasa (green) stains the GSCs, gonial cells and primary spermatocytes; no differentiated sperm bundles are observed. (e) In a talin RNAi testis the distal region contains only differentiated sperm bundles (arrow in e) that extend to the tip of the testis (tip marked with an asterisk in d and e). (dʹ, eʹ) Somatic cells express talin in a tj-GAL4 testis (dʹ) but talin staining is absent in a talin RNAi testis (eʹ), although the gonadal sheath is stained. (dʹʹ, eʹʹ) In a tj-GAL4/tj-GAL4 testis (dʹʹ), the hub is located at the tip but in a talin RNAi testis (eʹʹ) the hub is missing (Vasa, green; Cher, red; talin, blue). (f, g) In a three-day-old tj-GAL4;tj-GAL4 testis (f), the tip of the testis contains GSCs and germline cells at early stages of differentiation (arrow) (g) but these are absent in a three-day-old talin RNAi testis. (h) A three-day-old talin RNAi testis, in which the hub is mispositioned (asterisk). In f-h, Vasa is in green and Cher is in red. Scale bars, 100 µm (b, c), 20 µm (a, d-h) . 
